African swine fever (ASF) is a highly lethal hemorrhagic disease of domestic pigs for which there is no vaccine or disease control strategy other than animal slaughter (27, 60) . The causative agent, African swine fever virus (ASFV), is a large, enveloped, double-stranded DNA virus which is the sole member of the newly named Asfarviridae family (L. K. Dixon et al., personal communication) . ASFV is the only known DNA arbovirus (7, 11) . Perpetuation and transmission of this virus in nature involves the cycling of virus between two highly adapted hosts, Ornithodoros ticks and wild-pig populations (warthogs and bushpigs) in sub-Saharan Africa (48, 49, 59, 64) .
Although the icosahedral morphology of the ASFV virion resembles those of iridoviruses, both the genomic organization of ASFV, which includes a central conserved genomic region with more variable terminal regions, inverted terminal repeats, and terminal cross-links, and its cytoplasmic replication strategy indicate a close relationship with the Poxviridae (23, 47, 53) . ASFV is genetically complex; its genome of 170 to 190 kbp encodes 160 or more open reading frames (ORF), and approximately 100 proteins have been observed in virus-infected cells (4, 11, 15, 16, 52, 55) . Sequencing and genetic analysis of the complete viral genome have led to the prediction and/or identification of genes encoding virion structural proteins and other proteins with functions involving viral virulence and/or host range, RNA transcription and modification, nucleotide metabolism, DNA replication, protein processing (13, (65) (66) (67) ; Z. Lu, G. K. Kutish, J. G. Neilan, L. Zsak, and D. L. Rock, unpublished data). However, the functions of most ASFV genes involved in viral virulence and/or host range, even those with known cellular homologues, remain unknown.
An ASFV gene with similarity to the ERV1 (essential for respiration and viability) gene family (35) has been identified in the pathogenic ASFV isolate Malawi Lil-20/1 (ORF, 9GL) and a cell culture-adapted European virus, BA71V (ORF, pB119L) (65; Lu et al., unpublished data).
The prototype of the ERV1 gene family, scERV1, was first identified in Saccharomyces cerevisiae, where it was shown to be essential for oxidative phosphorylation, maintenance of mitochondrial genomes, and cell cycle division (35) . In yeast, the gene, which is expressed as a low-abundance spliced transcript, has a complex expression pattern that is highly dependent on physiological growth conditions (35, 38, 54) . How this mitochondria-associated protein functions in these highly significant biological processes is not understood.
Similar ERV1 homologues, encoding a protein referred to as augmenter of liver regeneration (ALR), or hepatopoietin, have been identified in humans, mice, and rats (24, 37, 61) . These genes, which appear to be preferentially expressed in the testes and liver, encode cytosolic proteins that function as growth factors in regeneration of the liver, where they stimulate hepatocyte proliferation, and in some yet-undefined aspect of spermatogenesis (21, 24, 54, 61) . Although the protein's mechanism of action is currently unknown, the recent identification of a specific receptor for the ALR protein on hepatocytes suggests that it may function by a receptor-mediated signaling pathway (61) .
ERV1 homologues appear to be widespread in nature, present in organisms as diverse as higher plants, roundworms, insects, and protozoa. Interestingly, in addition to ASFV, ERV1 gene homologues are also present in a number of other cytoplasmic DNA viruses, including vaccinia virus, Melanoplus sanguinipes entomopox virus, fish lymphocystis disease virus, and chlorella virus (3).
Here we have examined the function of the ASFV ERV1 homologue, 9GL, in macrophage cell cultures and the swine host using a recombinant 9GL gene deletion mutant. Our data indicate that 9GL affects virion maturation and viral growth in macrophage cell cultures and viral virulence in swine.
MATERIALS AND METHODS
Cell culture and viruses. Primary porcine blood macrophage cell cultures (PBMC) were prepared from defibrinated swine blood as previously described (20) . Briefly, heparin-treated swine blood was incubated at 37°C for 1 h to allow sedimentation of the erythrocyte fraction. Mononuclear leukocytes were separated by flotation over a Ficoll-Paque (Pharmacia, Piscataway, N.J.) density gradient (specific gravity, 1.079). The monocyte/macrophage cell fraction was cultured in plastic Primaria (Falcon; Becton Dickinson Labware, Franklin Lakes, N.J.) tissue culture flasks containing RPMI 1640 medium with 30% L929 supernatant and 20% fetal bovine serum for 48 h (37°C under 5% CO 2 ). Adherent cells were detached from the plastic by using 10 mM EDTA in phosphatebuffered saline and were then reseeded into Primaria T25 6-or 96-well dishes at a density of 5 ϫ 10 6 cells per ml for use in assays 24 h later. A European Vero cell culture-adapted ASFV strain, BA71V, was provided by J. M. Escribano (INIA, Madrid, Spain). Highly purified BA71V was obtained by Percoll equilibrium centrifugation as described by Carrascosa et al. (8) (25, 32, 63) .
DNA manipulation, PCR cloning, and sequencing. The 9GL gene was amplified by PCR from purified viral DNA by using a mixture of oligonucleotide primers based on the BA71V (65) and Malawi Lil-20/1 gene sequences (Lu et al., unpublished data): forward primers 5Ј-TCCTCCAAACTCCGGGAGACGT-3Ј and 5Ј-GTGATGATGTAATGAATAGGAA-3Ј and reverse primers 5Ј-CCTC TATATGGAATGAGATTTTTC-3Ј and 5Ј-ACATTAAGGACCATGACACA GATACT-3Ј. Amplified products were cloned into the TA cloning vector pCR 2.1 (Invitrogen, San Diego, Calif.). Two to four PCR clones derived from independent amplifications of each isolate were sequenced completely with M13 forward and reverse primers by using an Applied Biosystems PRISM 377 automated DNA sequencer (Perkin-Elmer, Foster City, Calif.). The ABI sequence software (version 3.3) was used for lane tracking and trace extraction. The chromatogram traces were base called with Phred (17) , which also produced a quality file containing a predicted probability of error at each base position. The sequences were assembled with Phrap by using the quality files and default settings to produce a consensus sequence for each ASFV isolate (31) .
9GL protein expression. The 9GL ORF was amplified by PCR and cloned into the expression vector pGEX-2T (Pharmacia) by using Malawi Lil-20/1 genomic DNA as the template. Primer pairs, which created BamHI and EcoRI sites at the 5Ј and 3Ј ends of the ORF respectively, were as follows: forward primer, 5Ј-G GGGGGATCCATGTTGCATTGGGGACCTAA-3Ј; reverse primer, 5Ј-GGG GGAATTCTTATAGAGATGACCAGGCTCCA-3Ј. Selected 9GL clones were confirmed by DNA sequencing. The glutathione S-transferase (GST)-9GL fusion protein was prepared and purified on Glutathione Sepharose beads as described previously (45) . New Zealand White rabbits were inoculated subcutaneously with 1 mg of Glutathione Sepharose-bound GST fusion protein in Freund's complete adjuvant and boosted five times, at 2-week intervals, with the fusion protein extract emulsified in incomplete Freund's adjuvant. The resulting immune serum specifically immunoprecipitated L-[
35 S]methionine-labeled in vitro-translated 9GL (data not shown).
Primary swine macrophage cell cultures were infected with Malawi Lil-20/1, pulse-radiolabeled for 2-h intervals at various times postinfection with L-[
35 S]methionine in methionine-deficient RPMI medium, and immunoprecipitated with 9GL-monospecific antibodies as previously described (1) . Western blot (immunoblot) analyses of highly purified ASFV virions with 9GL antiserum and antisera against ASFV structural proteins p30 (22) and p54 (50) were performed as previously described (1) .
Construction of the recombinant ASFV ⌬9GL and its revertant 9GL-R. Recombinant ASFVs were generated by homologous recombination between parental ASFV genomes and recombination transfer vectors following infection and transfection of swine macrophage cell cultures (44, 66) . Flanking genomic regions, which included portions of 9GL mapping to the left (1.2 kbp) and right (1.15 kbp) of the gene, were amplified by PCR using Malawi Lil-20/1 genomic DNA as a template. The left flanking region was amplified by using a primer pair (forward primer, 5Ј-GTCGACGTTCCACCCAGGATCTATAACGT-3Ј; reverse primer, 5Ј-CTCGAGTATCCGCGGAGTACTGGACCTTCGCGTTT-3Ј) that introduced XhoI and SalI restriction sites at the 5Ј and 3Ј ends of the fragment, respectively. The right flanking region was amplified by using a primer pair (forward primer 5Ј-CTCGAGTGCATGGCAGCGACTCGATA-3Ј and reverse primer 5Ј-GTCGACACAACTCAGCATGCTGCATCT-3Ј) that introduced SalI and XhoI restriction sites at the 5Ј and 3Ј ends of the fragment, respectively. Amplified fragments were digested with SalI/XhoI enzymes, cloned into pCR 2.1 to produce pT9GL, and sequenced to verify ASFV sequences. A reporter gene cassette containing the ␤-glucuronidase (GUS) gene with the ASFV p72 late gene promoter, p72GUS (45) , was inserted into SalI-digested pT9GL to yield the transfer vector p72GUS⌬9GL. This construction created an 82-nucleotide deletion in the 9GL ORF (nucleotides 154 to 236) (see Fig. 4 ). Macrophage cell cultures were infected with Malawi Lil-20/1 and transfected with p72GUS⌬9GL. Recombinant viruses representing independent primary plaques were purified to homogeneity by plaque assay and verified as products of a double-crossover recombination event by using PCR and Southern blot analysis as described previously (44, 66) . A recombinant, ⌬9GL, was selected for further analysis.
A ⌬9GL revertant virus, 9GL-R, was constructed by restoring 9GL to the ⌬9GL genome by similar methods. A DNA fragment containing the complete 9GL gene and its upstream promoter sequences was amplified by PCR using primer pairs containing NotI restriction endonuclease sites mapping 205 nucleotides upstream and 74 nucleotides downstream of the 9GL ORF (forward primer, 5Ј-AATAGCGGCCGCGCTGCCCATTGTTTTGGAAATGCCT-3Ј; reverse primer, 5Ј-AATAGCGGCCGCCTCCGGGAGACGTTTGTTTTATCC A-3Ј). The resulting PCR product was subsequently digested with NotI and cloned into a unique NotI site of a transfer vector, pNL1GAL, which was designed for inserting genes into a nonessential area of the right variable region of the Malawi Lil-20/1 genome (2). This transfer vector, pNL1GAL-9GL, which contained a ␤-galactosidase (GAL) reporter gene, was then used together with ⌬9GL virus for transfection and infection. Putative recombinant GAL-positive viruses were purified by plaque assay on macrophage cell cultures and analyzed as described above.
Ultrastructural analysis of ⌬9GL-infected macrophage cell cultures and purified virus preparations. Porcine macrophage cell cultures were either mock infected or infected with ASFV Malawi Lil-20/1 (multiplicity of infection [MOI] ϭ 5) or ⌬9GL (MOI ϭ 5) and were harvested at 18, 36, 72, and 96 h postinfection (HPI) by gently scraping the adherent macrophages with a rubber policeman. The cells were centrifuged and processed for transmission electron microscopy as previously described (44) . Plastic thin sections were collected on Formvarcoated, carbon-stabilized slot grids (Electron Microscopy Sciences, Fort Washington, Pa.). The occurrence, frequency, and distribution of developing and mature virions were determined, and statistical differences were assessed by the Student t test and chi-square analysis.
To estimate the relative numbers of ⌬9GL and 9GL-R virions in infected macrophages, sucrose gradient-purified virus was prepared. Ten 150-cm 2 flasks of PBMC were infected (MOI ϭ 10) and harvested at the time of maximum cytopathic effect (36 HPI for 9GL-R-infected cells and 72 HPI for ⌬9GL-infected cells). ⌬9GL and 9GL-R virions were purified twice on 30 and 60% sucrose step gradients. Aliquots of the purified virus suspensions were titrated as described elsewhere (46) . Semipurified virus was fixed with a solution containing 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) for 2 h at 4°C and further processed with 2% osmium tetroxide for 2 h at 4°C followed by 2% aqueous uranyl acetate overnight at 4°C. The virus preparation was dehydrated in ethanol and embedded in Spurr's resin. Virions in thin sections were counted and scored from 25 randomly chosen fields, each outlined by the bars of a 300-mesh grid.
IEM. Immunoelectron microscopy (IEM) was performed by using fixed and sectioned material, fixed and sectioned virions, and unfixed, purified virions. Two fixatives, periodate-lysine-paraformaldehyde (PLP; Nakane) and 4% freshly prepared paraformaldehyde, and three embedding media (Lowicryl K4M, London Resin White, and Unicryl) were used for IEM of sectioned material. Cells were infected with Malawi Lil-20/1 and processed with the above fixatives and embedding media as previously described (5) . The number of gold grains associated with 50 virions was determined. Purified BA71V virions were adsorbed to Formvar-coated nickel grids. For IEM of sectioned material, grids were quenched with 50 mM glycine and were blocked with 5% normal goat serum (NGS) and 1% cold fish gelatin in 20 mM Tris-HCl-0.5 M NaCl. Monospecific rabbit antisera to the ASFV 9GL protein and the ASFV virion structural proteins p54 and p11.6 (5, 50), as well as preimmune rabbit antiserum, were diluted 1:20 to 1:200 in 20 mM Tris-HCl-0.5 M NaCl containing 1% NGS and 1% gelatin and were incubated with grids for 30 min at room temperature. Washing and incubation with a 1:20 dilution of protein A labeled with 10 nm of colloidal gold (Amersham) were performed as previously described (5) (67) . Clinical signs of ASF (fever [a rectal temperature greater than or equal to 104°F], anorexia, lethargy, shivering, cyanosis, and recumbency) were monitored daily. Blood samples were collected every other day for 30 days postinfection (DPI). Virus isolation and titration of ASFV in blood samples were performed as previously described (46) . Virus titers were calculated by the method of Spearman-Karber and expressed as TCID 50 (18) . Nucleotide sequence accession numbers. The 9GL gene sequences of the isolates used in this study were assigned GenBank accession no. AF081160 
RESULTS
9GL is similar to yeast ERV1 and rat ALR proteins. The 9GL protein has significant similarity to the yeast ERV1 and rat ALR proteins (27% identity and 44% homology over 99 residues; FASTA score, 146; z score, 15.5) and slightly less similarity to the ERV1 and ALR homologues found in higher plants (Arabidopsis spp. and corn), roundworms (Caenorhabditis elegans and Schistosoma mansoni), insects (Drosophila melanogaster), and protozoa (Plasmodium falciparum and Trypanosoma brucei), as well as other mammals (humans, mice, pigs, and guinea pigs) (Fig. 1) . The 9GL ORF is also similar to genes found in other viruses: an unnamed ORF in the iridovirus fish lymphocystis virus (27% identity over 98 residues; FASTA score, 153; z score, 11.1); the A467R ORF in the chlorella virus; the E10 vaccinia homologue in variola and fowlpox viruses; the MCU40 ORF in molluscum contagiosum virus; and the MSV093 ORF in M. sanguinipes entomopox virus. The viral genes tend to be shorter than the eukaryotic homologues; however, there are no unique motifs which distinguish the viral from the eukaryotic genes. All of these genes encode a highly conserved 96-residue core region (Fig. 1) . Also, they all contain two highly conserved motifs: Gly-X-X-X-Trp at residue 4 and Pro-Cys-X-X-Cys at residue 43 of 9GL. The pair of conserved cysteine residues is similar to the glutaredoxin and thioredoxin redox active center motif (Prosite PS00194); however, the glycine-tryptophan motif is unique to 9GL and ERV1 homologues.
9GL is highly conserved among ASFV isolates. The degree of 9GL gene conservation among pathogenic ASFV isolates was examined by amplifying the gene from 22 viruses, representing African, European, and Caribbean isolates from both pig and tick sources. The 9GL ORF from each virus was amplified by PCR, cloned, and sequenced completely. All isolates encoded a 119-amino-acid 9GL protein with a predicted molecular mass of 14.4 kDa and a pI of 8.6. At the amino acid level, 9GL proteins were 92 to 100% identical to each other. Two groups were identical at the amino acid level (Fig. 2) : (i) an E70X group with Cameroon, E70, E75, Haiti, La Granja, Lee, Lisbon 60, Spencer, Uganda, Zaire, and the BA71V ORF pB119L (GenBank accession no. U18466) product and (ii) a PR4X group with Chiredzi/83/1, Crocodile/96/1, Crocodile/ 96/3, Pretoriuskop/96/4, Pretoriuskop/96/5, and Wildebeeslaagte/96/1. While the Malawi Lil-20/1 and Killean III isolates were the most different from the other isolates, the differences between amino acid sequences were not sufficiently significant to allow the construction of a fully resolved, well-ordered phylogenetic tree (amino Poisson distance estimate by using a neighbor-joining branch length test; chi-square ϭ 8.9, df ϭ 7, P ϭ 0.26) or a cluster test with 1,000 bootstrap samples (56, 57) . There were 10 polymorphic amino acid sites, with 8 occurring in the amino-terminal half, and most were conservative substitutions (PAM 250 cutoff, 0.4) with an 0.01 average change per residue.
At the nucleotide level the 9GL genes were 94 to 100% identical to each other. ASFV isolates within the following groups were identical to each other at the nucleotide level: The ratio of synonymous to nonsynonymous codon usage, 6.4, was moderately high and consistent with the high amino acid similarity between the isolates. At the nucleotide level, in contrast to the amino acid comparison, there was evidence of differences between Malawi Lil-20/1, Killean III, and the remaining isolates (Kimura two-parameter distance estimate with branch length test and mutation rate constancy test; chi-square ϭ 28.77, df ϭ 10, P ϭ 0.001). These data indicate that ORF 9GL is highly conserved among a diverse group of pathogenic ASFV isolates, including both pig and tick isolates. 9GL encodes a late nonstructural protein, p14. Radioimmunoprecipitation experiments using an anti-9GL monospecific serum were undertaken to analyze 9GL protein expression in ASFV-infected macrophage cell cultures. Anti-9GL serum specifically recognized a protein of 14 kDa (p14) in infected macrophage cell extracts at 7 to 9 HPI, with increasing levels present at later time points in the infection cycle (Fig. 3A) . Expression was not detected in infected macrophage cell cultures treated with 1-␤-D-arabinofuranosylcytosine (ara-C), a drug that blocks DNA replication and late viral protein synthesis (16) (Fig. 3B ). These data demonstrate that p14 is a late viral protein.
To determine if p14 was a virion structural protein, Western blot analysis of purified ASFV virions and IEM of virus-infected cells and purified virions were performed by using anti-9GL monospecific serum. ASFV p14 was not detected in Western blots of purified virions, whereas the known structural proteins p30 and p54 were shown to be present. In IEM experiments of infected macrophages incubated with either anti-9GL monospecific serum or preimmune serum, no specific labeling of virions was observed. Specific labeling was, however, detected in sections that were incubated with antiserum to the known structural proteins p11.6 and p54. In addition, no specific immunolabeling of purified ASF virions was detected (with preimmune serum, 1.18 Ϯ 0.5 gold particles per virion; with 9GL antiserum, 0.92 Ϯ 0.4 gold particles per virion). Taken together, these data suggest that p14 is not a virion structural protein.
Construction and analysis of the ASFV 9GL gene deletion mutant, ⌬9GL, and its revertant, 9GL-R. An ASFV 9GL gene deletion mutant, ⌬9GL, and its revertant, 9GL-R, were constructed from the pathogenic African isolate Malawi Lil-20/1 and ⌬9GL, respectively, as described in Materials and Methods. To construct ⌬9GL, an 82-bp region within the 9GL ORF (Fig. 4A) was deleted from Malawi Lil-20/1 and replaced with a 2.4-kb p72GUS reporter gene cassette. The revertant virus, 9GL-R, was constructed by inserting the 9GL ORF, together with its upstream promoter elements and a 72-bp region downstream of its translation termination site, into the right variable region of ⌬9GL (Fig. 4A) . Genomic DNAs from parental, mutant, and revertant viruses were analyzed by Southern blotting and PCR. Viral DNAs, purified from infected macrophage cell cultures, were digested with DraI, gel electrophoresed, Southern blotted, and hybridized with 32 P-labeled DNA probes. As expected, a gene probe specific for the deleted portion of 9GL failed to hybridize with genomic DNA from ⌬9GL (Fig. 4B, I, lane 2) . A predicted novel DraI fragment of 6.0 kb was observed for ⌬9GL when it was hybridized with a probe for the parental 3.5-kb DraI fragment from this region (Fig. 4B, II, lane 2) . By using PCR, the deleted 9GL, gene sequences were not detected in DNA preparations prepared from ⌬9GL virus stocks (data not shown), and p14 was not detected by radioimmunoprecipitation analysis in ⌬9GL-infected macrophage cell cultures (Fig. 4B, IV, lane 3) .
The revertant virus 9GL-R exhibited the expected genomic structure. Hybridization with a right variable region probe (the 23-NL gene) demonstrated that the parental 2.9-kb SphI/SalI fragment (Fig. 4B, III, lanes 1 and 2) was replaced by a 7.5-kb fragment which resulted from the insertion of the 4.6-kb 9GL-72␤GAL cassette. Restoration of 9GL in the revertant was confirmed by hybridizing the blot with a probe specific for 9GL sequences deleted from ⌬9GL. As expected, the terminal 7.5-kb SphI/SalI fragment of 9GL-R hybridized with the probe (Fig. 4B, III, lane 4) . Comparable levels of p14 were observed in macrophages infected with Malawi Lil-20/1 and 9GL-R (Fig.   4B, IV, lanes 1 and 2) , indicating functional restoration of 9GL in 9GL-R.
9GL affects growth of ASFV in porcine macrophage cell cultures in vitro. Growth characteristics of ⌬9GL were compared to those of 9GL-R by infecting primary swine macrophage cell cultures at low and high MOIs (0.1 and 20, respectively) and determining titers of both cell-associated and extracellular virus at various times postinfection (Fig. 5) . ⌬9GL exhibited a significant growth defect in macrophage cell cultures. Extra-and intracellular virus titers for ⌬9GL-infected cultures were reduced approximately 90 to 99% from those observed for 9GL-R. Consistent with these growth curve data, the plaque size of ⌬9GL on macrophage cell cultures was reduced significantly, by approximately 93% (Fig. 6) . 3) and its revertant, 9GL-R (lanes 2 and 4), probed with the righthand terminal region (lanes 1 and 2) and a 9GL gene probe (lanes 3 and 4) . (IV) Immunoprecipitation analysis of lysates from macrophage cell cultures infected with the parental, revertant, and mutant viruses (lanes 1, 2, and 3, respectively) by using monospecific anti-9GL serum.
9GL affects ASFV virion maturation in infected macrophages. ⌬9GL-infected macrophages were examined ultrastructurally to further define the growth defect. These data are shown in Fig. 7 and Table 1 . ⌬9GL-infected macrophages contained a large number of virus particles containing acentric nucleoids (ACN) (Fig. 7B and D) that resembled intermediate structures in normal virion morphogenesis (6) . In these ACN particles, which represented 86 to 95% of all nucleoid-containing particles in the cell, the nucleoid was less condensed and spherical and was spread over two vertices of the viral icosahedral shell. These particles lacked a clearly defined core shell within the icosahedron, and an electron lucent region of varying width separated the nucleoid structure from the outer icosahedron shell. In contrast, 69 to 88% of the virions in Malawi Lil-20/1-or 9GL-R-infected cells contained concentric nucleoids (CN) and exhibited normal mature virion morphology ( Fig. 7A and C) . The ACN-to-CN ratio of ⌬9GL particles in virus factories remained constant (approximately 9:1) at later times postinfection (24, 48 , and 72 HPI), indicating that this observation was not the result of a delay in ⌬9GL virus maturation (Table 1, experiment 3) . Overall, the number of nucleoid-containing particles in 50 ⌬9GL-infected cells (n ϭ 175 particles) was reduced by approximately 70% from the number present in 50 cells infected with 9GL-R (n ϭ 557 particles) ( Table 1 , experiment 2). Unlike parental virus, where budding virions exhibited normal CN particle morphology, approximately 90% of all ⌬9GL budding virions showed ACN particle morphology ( Fig. 7A and B ; Table 1 ).
To confirm the above observation that the total number of nucleoid-containing virions was reduced in ⌬9GL-infected cells, virions were purified from ⌬9GL-and 9GL-R-infected cells and counted in thin sections by using an electron microscope as described in Materials and Methods. Compared to 9GL-R-infected cells (n ϭ 1,350 virions), the number of ⌬9GL virions (n ϭ 137 virions) was reduced by approximately 90%, and of these, approximately 85% were ACN particles (Table 1 , experiment 2). ⌬9GL exhibits a 2.0-log 10 -unit growth defect in macrophage cell cultures (Fig. 5) . These data indicate that 1.0 log 10 unit of the defect is due to a reduction in the total number of virions produced in the infected cells. If ACN par- ticles are not infectious, the ACN-to-CN particle ratio (9:1) for ⌬9GL could account for the additional 1.0-log 10 -unit reduction in infectivity.
9GL affects viral virulence in domestic swine. The observed growth defect for ⌬9GL in macrophages, the major target cell for the virus in vivo, suggested that 9GL may affect viral virulence in domestic swine. To study the role of 9GL in pig virulence, Yorkshire pigs were inoculated intramuscularly with Table 2 . In contrast to 9GL-R, where mortality was 100%, all ⌬9GL-infected animals survived infection, even when infected with doses that should represent 10,000 to 100,000 LD 100 . The disease pattern observed for 9GL-R-infected animals contrasted markedly with that seen following infection with ⌬9GL.
With the exception of a transient, and significantly lower, fever response (P ϭ 0.0001), ⌬9GL-infected animals remained clinically normal following infection, whereas animals infected with 9GL-R presented with clinical signs of ASF on 4 to 6 DPI, and these symptoms progressed until death in all cases. Both mean and maximum viremia titers in ⌬9GL-infected animals were significantly reduced by 100-to 1,000-fold from control values (P ϭ 0.0001 to 0.009) during this acute disease period. The duration of viremia in ⌬9GL-infected pigs ranged from 23 to 26 DPI. Thus, deletion of 9GL from Malawi Lil-20/1 markedly attenuated the virus in swine. At 42 DPI, convalescent ⌬9GL-infected animals were challenged with 10 4 TCID 50 of parental Malawi Lil-20/1 to assess the level of immunity conferred by prior infection with ⌬9GL. Data from this experiment are shown in Table 3 . Following challenge, animals in all three ⌬9GL dose groups survived infection and remained clinically normal, indicating that a solid level of homologous protective immunity had been induced by ⌬9GL infection. With the exception of a single animal in each group, animals which received 10 4 or 10 6 TCID 50 of ⌬9GL did not develop fever or detectable viremia following Malawi Lil-20/1 challenge. Pigs infected with the lower, 10 2 -TCID 50 dose of ⌬9GL responded with a transient fever and low-level viremia following challenge infection.
DISCUSSION
Here, we have shown that the ASFV ERV1/ALR gene family homologue, 9GL, is highly conserved among virus isolates and that it encodes a late nonstructural viral protein of 14 kDa (p14) which affects virion maturation and viral growth in swine macrophages in vitro and viral virulence in swine.
Overall, our data suggest that the 2.0-log 10 -unit ⌬9GL growth defect in macrophages is due to a 1.0-log 10 -unit reduction in the overall number of virus particles in infected cells and to a 1.0-log 10 -unit reduction in the infectivity of the particles actually produced (Table 1) . Approximately 90% of the ⌬9GL virions in virus factories and budding from infected-cell membranes contained an ACN structure that resembled the intermediate structures observed during ASFV virion maturation (6) . While the infectivity of these intermediate ASFV particles is not known, the above data which indicate a 1.0-log 10 -unit reduction in ⌬9GL infectivity suggest that they are not infectious. If this is the case, then only 1 ⌬9GL virion in 10 is a mature, infectious particle.
While clearly important, p14 is nonessential for production of mature infectious virions. Thus, the protein does not perform an obligate function in virion maturation and/or assembly. Rather, it appears to affect the overall efficiency of the virion assembly process, either directly or indirectly. Using IEM and Western blotting with anti-9GL antiserum, we were unable to detect p14 in virions. This suggests a nonstructural function for the protein in efficient virion assembly. As is the case with scERV1 in yeast and with other ERV1 homologues, our data suggest that p14 may be a low-abundance protein in infected cells (24, 29, 35, 36) .
Local energy production in the ASFV-infected cell appears to be important for virus particle assembly. Actively respiring mitochondria migrate to and cluster in proximity to viral factories containing assembling particles in infected Vero cells and macrophages (51; T. G. Burrage, L. Zsak, J. G. Neilan, and D. L. Rock, unpublished data). It is also known that ASFV infection results in induction of mitochondrial stress-response proteins p74 and cpn60 (51) . Given that scERV1 is indispensable for oxidative phosphorylation and for the maintenance of mitochondrial genomes in yeast (35) . It is possible that p14 may perform some mitochondria-related function in the infected cell that mediates virus-induced stress, thus allowing sufficient energy production for efficient virion assembly and maturation.
The p14 protein does contain conserved cysteine residues indicative of redox-active centers found in glutaredoxin and thioredoxin (10, 14, 30) . These enzymes are multifunctional, performing roles in DNA replication, protein synthesis, protein folding, and photosynthesis (30) . Thus, p14 could conceivably perform an important redox function that is critical to efficient virion assembly and maturation.
The Malawi Lil-20/1 9GL deletion mutant ⌬9GL was markedly attenuated in swine (Table 2 ). This represents the first complete attenuation of Malawi Lil-20/1 or any other pathogenic African ASFV isolate by engineered gene deletion. The actual mechanism(s) underlying ⌬9GL attenuation in the host is unknown. The behavior of the mutant virus in macrophage cell cultures and the gene's homology with ERV1 does, however, suggest several possibilities, including a possible growth defect and viral interference in vivo, that might account for the attenuated phenotype in swine.
ASFV targets cells of the mononuclear-phagocytic system, including highly differentiated fixed-tissue macrophages; affected tissues show extensive damage following infection with highly virulent virus isolates (9, 33, 34, 40, 43) . ASFV isolates of lesser virulence also infect these cells, but the degree of tissue involvement and the resulting tissue damage are much less severe (27, 40, 41) . The abilities of ASFV to replicate efficiently and induce cytopathology in macrophages in vivo are likely to be critical factors in ASFV virulence. Attenuation of ⌬9GL may be the direct result of a macrophage growth defect in vivo. The ⌬9GL macrophage growth defect in vitro and the reduced viremia titers (100-to 1000-fold) for ⌬9GL-infected animals are consistent with this. A viral growth defect would slow generalization of infection and reduce lymphoid tissue damage, thus permitting an appropriate protective host immune response to be mounted. Approximately 90% of the ⌬9GL virions produced by infected macrophages contain an ACN, and they resemble the intermediate particles seen during virion morphogenesis (6) . Our data discussed above suggest that these particles may be noninfectious. This high ratio of defective to infectious ⌬9GL particles could conceivably result in viral interference where defective particles are interfering in some way with efficient replication of the few mature, fully infectious particles. In addition, the large excess of defective ASF virions could actually be serving as immunizing antigens, accelerating the induction of a protective host immune response in the face of acute viral infection. Interestingly, the rat ERV1 homolog (ALR) is thought to function in liver regeneration in part by regional regulation of liver-resident natural killer (NK) cells. In vivo administration of ALR induced inhibition of NK cell cytotoxic activities in liver by an unknown intermediary mechanism (19) . An NK cell response represents one of the earliest host responses to viral infection, and it may be important in the early stages of ASFV infection (42) . If p14 functioned as an inhibitor of NK cell activity, either directly or indirectly, it would accelerate viral spread during the early, critical phases of infection.
The possibilities for ⌬9GL attenuation discussed above are not mutually exclusive. The marked attenuation of the mutant in animals may result from a combination of these mechanisms.
Significantly, all ⌬9GL-infected animals were protected when challenged with parental virulent Malawi Lil-20/1 at 42 DPI. However, the dose of ⌬9GL used for infection did affect the level of immunity conferred (Table 3) . Animals in the two higher-dose ⌬9GL groups (10 4 and 10 6 TCID 50 ) exhibited a solid level of homologous protective immunity similar to that reported for animals recovering from infection with pathogenic ASFV isolates (25, 39, 62) . Only two of eight animals had a fever response, and viremia was detected in only three of the eight. In contrast, all animals in the lowest-dose ⌬9GL group (10 2 TCID 50 ) had significant fever responses and viremia following challenge. This apparent difference in immune status appears to be unrelated to initial ⌬9GL infection. Similar infection patterns were observed in all three dose groups ( Table  2) .
ASFV 9GL gene deletion mutants will be a powerful tool for defining the number of different ASFV antigenic types that a vaccine must protect against. For the first time, it is possible to reliably attenuate highly virulent African field isolates for use in cross-protection experiments in pigs. An understanding of ASFV cross-protective immunity will be critical for developing a broadly protective ASFV vaccination strategy.
Overall, these data indicate that ASFV 9GL gene deletion mutants are excellent candidates for possible use as live-attenuated ASF vaccines. 
